Summary We profiled the global gene expression of a bone marrow-derived mesenchymal pluripotent cell line in response to Runx2 expression. Besides osteoblast differentiation, Runx2 promoted the osteoclastogenesis of co-cultured splenocytes. This was attributable to the upregulation of many novel osteoclastogenic genes and the downregulation of antiosteoclastogenic genes. Introduction In addition to being a master regulator for osteoblast differentiation, Runx2 controls osteoblast-driven osteoclastogenesis. Previous studies profiling gene expression during osteoblast differentiation had limited focus on Runx2 or paid little attention to its role in mediating osteoblast-driven osteoclastogenesis.
Introduction
Runx2 is a master transcription factor that controls osteoblast differentiation and bone formation. Runx2 knockout mice completely lack osteoblasts and fail to form mineralized bone [1, 2] . In humans, heterozygous mutation of Runx2 results in the skeletal genetic disease cleidocranial dysplasia [3] . Additionally, mice with a hypomorphic Runx2 allele display osteopenia [4] , and single nucleotide polymorphism in the human Runx2 locus is associated with variations in bone mineral density [5] . Mice expressing a dominant-negative form of Runx2 in osteoblasts under the control of the osteocalcin promoter are born with a normal skeleton, but develop a low bone mass phenotype attributable to decreased bone formation [6] . Counterintuitively, transgenic mice expressing a dominant-negative form of Runx2 in cells of the osteoblast lineage under the control of the α1(I) collagen promoter exhibit high bone mass and are protected from ovariectomy-induced bone loss [7] . Furthermore, mice overexpressing Runx2 under the control of the α1(I) collagen promoter have low bone mass and develop spontaneous fractures [8, 9] . Taken together these data suggest that Runx2 must be tightly regulated to support skeletal health: Whereas sufficient activity is necessary for adequate osteogenesis, excessive Runx2 activity may lead to osteoporosis [10] .
In vitro studies also demonstrate the opposing activities of Runx2. On one hand, inhibition of Runx2 expression impedes osteoblast differentiation [124] , and ectopic expression of Runx2 induces the osteoblast phenotype in primary bone marrow stromal cells, pluripotent stem cells, myoblasts, C3H10T1/2 fibroblastic cells, and skin fibroblasts [11] [12] [13] [14] [15] . On the other hand, Runx2 overexpression in osteoblasts promotes osteoblast-driven osteoclastogenesis from co-cultured splenocytes [9] or bone marrow osteoclast progenitors [7, 16] . Finally, expression of a dominantnegative Runx2 form in osteoblasts inhibits differentiation of co-cultured osteoclast precursors [7] . Thus, Runx2 appears to play important roles in both osteoblastogenesis and osteoblast-driven osteoclastogenesis, highlighting the importance of its tight regulation.
Despite the importance of Runx2 in skeletal development and bone turnover, and the likely roles of Runx2 in interpreting signals from extracellular matrix proteins [17] , TGFβ and BMPs [18, 19] , Wnts [20] , PTH [21] , glucocorticoids [22] , and sex steroids [10, [23] [24] [25] , little is known about gene networks regulated by Runx2 in osteoblasts. Most microarray-based gene expression profiling of osteoblast differentiation did not specifically focus on Runx2 [26] [27] [28] [29] [30] . Of several Runx2-centered highthroughput gene expression studies, two compared gene expression in skeletal elements of Runx2 knockout versus wild-type embryos [31, 32] . Accompanying the obvious advantages of such in vivo studies are complications related to the tissue heterogeneity and the long history of Runx2 absence since conception of the knockout mice. Other investigators compared the gene expression profiles of C3H 10T1/2 and immortalized mouse calvarial cells possessing or lacking Runx2 [33, 34] . In these studies, Runx2 was severely modified, or cells were analyzed shortly after transfection, which can strongly skew the results. Recently, we and others developed viral vectors facilitating Doxmediated Runx2 expression in transduced cells [35, 36] . This approach offers synchronous induction of Runx2 expression many days after cells recover from the procedure of introducing the foreign DNA [37] . Here, we investigated changes in gene expression after Dox-mediated induction of Runx2 in bone marrow-derived pluripotent mesenchymal cells. The results are consistent with the known effects of Runx2 on genes related to osteoblast growth and differentiation, but, more importantly, highlight osteoclastogenesisregulating genes not previously known to reside downstream of Runx2.
Materials and methods

Lentivirus production and infection
The Dox-inducible Runx2 system was previously described [36] . Briefly, Flag-Runx2 cDNA (MASN isoform, type 2) was initially cloned into the SpeI/MfeI-digested lentiviral entry vector pEN_TmiRc3 (ATCC® catalog: MBA-248), and the resulting plasmid was recombined using Gateway® LR Clonase® II enzyme mix (Invitrogen, Carlsbad, CA, USA) with the pSLIK (single lentivector for inducible knockdown) destination vector carrying a hygromycin resistance gene (ATCC® catalog: MBA-237). For packaging, the expression plasmid was co-transfected along with lentiviral helper plasmids pMD.G1 and pCMV R8.91 [38, 39] into HEK293T cells by the calcium chloride method. Culture media containing viral particles were harvested after 48-72 h and used for the transduction of ST2 cells. Transduced ST2 cells (ST2/RX2 dox ) were then selected by adding Hygromycin B (Invitrogen) to the growth medium at 50 μg/mL. All experimental procedures were carried out at least 2 weeks following Hygromycin B selection.
Cell culture and assays ST2 and ST2/RX2 dox cells were maintained in RPMI-1640 medium supplemented with 10% Tet System Approved FBS from Clontech, CA, USA. Doxycycline (Dox; CalBiochem, La Jolla, CA, USA) was used at 250 ng/mL, unless otherwise stated, and an equal volume of distilled water was used as vehicle control. Cell proliferation was assessed by performing MTT assays (Sigma, St Louis, MO, USA) on the indicated days after seeding of ST2/RX2 dox cells at 5,000 cells/well in 24-well plates. To assess the osteoclastogenic potential of the cells, they were plated at 12,000 cells per well in 48-well plates in αMEM supplemented with 10% fetal bovine serum (HyClone, Thermo Fisher Scientific), 10 −8 M Vit D 3 (Sigma), and 1% penicillin/ streptomycin (Gibco). After 1 h, 160,000 primary mouse splenocytes, extracted as described previously [40] , were added to each well and the co-cultures were half-fed with Dox or vehicle every other day. On day 13, the cultures were rinsed with phosphate-buffered saline (PBS) and incubated with 1 mg/mL Collagenase P (Roche Applied Sciences, Germany) to remove the ST2/RX2 dox cells. Mature osteoclasts were then stained using a TRAP kit (Sigma) and the percentage of TRAP-positive area determined using ImageJ software (US National Institutes of Health, Bethesda, MD, USA). 
Statistical analysis
Results are expressed as the mean±SD. Each assay was performed in triplicate or quadruplicate and repeated at least twice. Difference between groups was considered significant when p<0.05 using Student's t test. The Illumina high-throughput gene expression data were analyzed using the R and Bioconductor packages. The expression values were first subjected to background correction and robust spline normalization after variance-stabilizing transform (VST) using the lumi package. The VST transformation takes advantage of a larger number of technical replicates available on Illumina microarrays. Genes differentially expressed after 24 and 48 h of Runx2 induction were identified by fitting a linear model with 2×2 factorial design using the factDesign package. Probewise F tests were carried out to identify the effect of Runx2 induction on gene expression at 24 and 48 h. Results were considered significant when p<0.05 after Benjamini and Hochberg multiple testing correction using the multtest package [41] . (Fig. 1a) . For the present study, we chose the dose of 250 ng/mL Dox, which increased the level of total Runx2 mRNA by 8-fold (Fig. 1b) and resulted in the development of ALP-positive cell nodules (Fig. 1c) .
Results and discussion
Microarray analysis of Dox-treated ST2/Rx2 dox cells confirms stimulation of osteoblast marker genes We profiled the ST2/Rx2 dox cells for their genome-wide gene expression pattern after 1 and 2 days of treatment with either Dox or vehicle in biological quadruplicates (a total of 16 samples). Of 19,100 unique mouse genes interrogated by the microarray, 75 were stimulated by ≥2.5-fold and 141 were inhibited by ≥2.5-fold with high statistical significance (p<0.001, ESM Table S2 ). Unsupervised hierarchical clustering of these 216 genes resulted in a clear separation between the Dox-treated and control samples with little variation among the biological replicates, demonstrating the overall robustness of the methodology (Fig. 2) . In most cases, changes observed after 1 day of treatment were maintained or intensified by day 2. One exception was Runx2 itself. Despite continuous exposure to Dox, Runx2 mRNA levels decreased between days 1 and 2 ( Fig. 2) , potentially reflecting Runx2-mediated mechanisms responsible for its own mRNA destruction [48, 49] . Among the genes upregulated by Runx2 in ST2 cells were the classical osteoblast markers Osteocalcin/Bglap2, Alkaline phosphatase 2/ALP/Akp2, Osterix/SP7, and Bone Sialoprotein/ IBSP ( Table 1 ). The induction of these classical targets, as well as the increased ALP activity (Fig. 1c) , indicates that the induced Flag-Runx2 had the overall effect expected from an osteoblast master regulator. Interestingly, the 3-to 18-fold stimulation of these genes was accompanied by an order of magnitude inhibition of the genes encoding Matrix Gla Protein (Mglap) and Mustn1, small proteins (82-84 amino acid residues) highly expressed in non-mineralizing skeletal tissues such as cartilage and tendon [50, 51] . RTqPCR analysis demonstrated 13-, 27-, and 12-fold stimulation of Bglap, Akp2, and SP7, and 24-and 21-fold inhibition of Mglap and Mustn1, respectively (Fig. 1d) .
The microarray results also indicated strong stimulation of the collagen XXIVa1 gene (Table 1) , a specific marker of active osteoblasts [52] . As control, Dox treatment of naive ST2 cells affected neither the expression of OC, Sp7, Mglap, or Mustln1 nor the activity of ALP (data not shown).
Runx2 regulates proliferation-related genes in ST2 cells
The probewise linear models of the microarray gene expression data suggested that Runx2 regulated not only biological processes related to bone remodeling and ossification but also those controlling DNA replication following Dox treatment for 48 h. d ST2/Rx2 dox cells were treated with Dox for 48 h and the mRNA level of the indicated genes assessed using RT-qPCR analysis. Bars represent the mean±SD (n=3) from a representative experiment, which was repeated at least three times with similar results. Transcript changes detected by RT-qPCR were significant with p < 0.05. GAPDH was used for normalization, and its expression did not significantly change by Dox treatment and cell division (ESM Fig. S1 ). Most notably, the data suggested a negative regulation of insulin-like growth factor (IGF) signaling, which plays important roles in promoting osteoblast proliferation [53] . Expression of four genes in the IGF pathway-Igf1, Igf2, Igf2bp3, and Igf2bp2-was inhibited by more than 2.5-fold (Table 2) , and Igfbp5 was significantly inhibited by >1.5-fold (ESM Table S2 ). The inhibition of Igf1 was confirmed by RT-qPCR (Fig. 3a) . Consistent with the gene expression data, induction of Runx2 in the Dox-treated cultures inhibited cell proliferation, leading to a 27% reduction in cell accumulation by day 3 (Fig. 3b, c) . In addition to repressing IGF-related genes, 48-h Dox treatment stimulated the expression of E2F2 by 2.2-fold (Table 2) , potentially contributing to the inhibition of cell proliferation [54] .
The inhibition of ST2 cell proliferation by Runx2 (Fig. 3b, c) Table 2 ). Other changes counteracting the anti-mitogenic effect of Runx2, some of which were also observed in primary osteoblasts [34] , include the stimulation of Wnt7b (ESM Table S2 ) and inhibition of the pro-apoptotic gene Caspase 4 and the tumor suppressor genes Fgl1 [64] and Tspan32 (Table 2) . Overall, however, the inhibition of Igf1 and other mitogenic genes appears to predominate, resulting in the mild inhibition of ST2 cell proliferation by Runx2 (Fig. 3 ).
Potential mechanisms of Runx2-mediated osteoclastogenesis
Runx2-deficient mice lack osteoblasts and their skeleton fails to mineralize [1, 2] . Surprisingly, however, overexpression of Runx2 in osteoblasts leads to low bone mass and spontaneous fractures [8, 9, 65] . Furthermore, expression of a dominant-negative (DN) form of Runx2 in osteoblasts results in an increased bone mass and protection from ovariectomy-induced bone loss [7] . Explaining the negative effects of Runx2 on the skeleton at least in part, osteoblasts overexpressing Runx2 promote an exaggerated differentiation of co-cultured pre-osteoclasts [7, 9] , and osteoblasts expressing DN-Runx2 fail to induce osteoclast differentiation from pre-osteoclasts [7] . The molecular mechanisms by which Runx2 promotes osteoblast-driven osteoclastogenesis have not been pursued. We first tested whether Runx2 increased the osteoclastogenic potential of ST2 cells. We cultured ST2/Rx2 dox cells with splenocytes and assessed the development of osteoclasts using TRAP staining after 13 days of co-culture with either Dox, to induce Runx2 expression, or vehicle as control. As shown in Fig. 4a, b , Dox-mediated induction of Runx2 in ST2 cells elicited a strong osteoclastogenic response by the co-cultured splenocytes. We therefore screened the microarray dataset for Runx2-mediated changes in gene expression, which could account for the stimulated osteoclastogenesis.
Runx2 upregulates expression of secreted molecules known to promote osteoclastogenesis Semaphorines As depicted in Table 3 , the microarray data suggested that Dox-mediated stimulation of Runx2 expression resulted in a >4-fold increase in the level of (Fig. 4c) . In addition to their originally described role in axonal guidance [66] , and other roles later reported in vascular growth, tumor progression, and immune response (reviewed in [67] ), semaphorins are also implicated in the regulation of bone metabolism. Members of the semaphorin family and their receptors are expressed in cells of the osteoblast and osteoclast lineages, respectively [68] [69] [70] [71] . Expression of Sema7a in osteoblasts increases cell migration and stimulates osteoclast fusion [69] . In an in vitro model of periodontal ligament remodeling in tension, where bone formation is stimulated and osteoclastic resorption is inhibited, Sema7A was repressed, consistent with a resorptive role for this semaphorin [71] . Furthermore, human Sema7A single nucleotide polymorphisms are associated with decreased bone mass and increased fracture risk [72] . Thus, Runx2-mediated increase in Sema7A in mesenchymal progenitors and osteoblasts likely contributes to their increased ability to induce osteoclastogenesis.
In contrast to Sema7A, Sema3A expression was decreased in response to Runx2 (Table 3) . Sema3A-null mice exhibit abnormal skeletal development, vertebral fusions, and partial rib duplications [73] . Sema3a expression was also negatively correlated with intervertebral disc resorption and degeneration [74] . Sema3A and 3F together inhibit cell proliferation and affect surrounding endothelial cells by repelling them and inducing their apoptosis [75] . Binding of Sema3A to its receptor Plexin sensitizes cells to Fas-mediated apoptosis by promoting Fas translocation to lipid raft microdomains before binding with FasL [76] . In the in vitro model of periodontal ligament remodeling in tension mentioned above, the decreased expression of Sema7A was accompanied by an increase in Sema3A and Sema6B expression [71] . In a reciprocal manner, the Runx2-mediated increased expression of Sema7A in our study was accompanied by a decreased expression of Sema3A and Sema6B, as well as Sema3F mRNA (Table 3) , consistent with their involvement in Runx2-driven osteoclastogenesis. -cultures (mean±SD, n=4) . c-e RT-qPCR analysis of Runx2-regulated genes related to osteoclastogenesis. RT-qPCR data are presented as the mean±SD. All p values were <0.05, except for Hey1 where p=0. 16 Leukotrienes The microarray analysis of the ST2/Rx2 dox cultures suggested that Runx2 increased the mRNA for Leukotriene C4 synthase (Ltc4s) by 7-fold (Table 3) , and RT-qPCR analysis indicated an even greater, 32-fold, stimulation (Fig. 4c) . Leukotrienes are important proinflammatory molecules with established and evolving roles in a wide variety of inflammatory diseases (reviewed in [77] ). A role for leukotrienes in bone metabolism is strongly suggested by the increased cortical bone thickness and the partial skeletal resistance to ovariectomy observed in mice deficient for 5-Lipoxygenase (5-LO), the enzyme that catalyzes the first step in leukotriene synthesis from arachidonic acid [78] . Furthermore, 5-LO inhibitors attenuate osteoclast differentiation and bone resorption in vitro [79, 80] . The product of the reaction catalyzed by 5-LO, Leukotriene A4 (LTA4), is either hydrolyzed to yield LTB4, which is involved in immune cells chemotaxis, or is conjugated with reduced glutathione to yield Leukotriene C4 (LTC4), a reaction catalyzed by LTC4 Synthase (Ltc4s) [81] . LTC4 strongly stimulates osteoclastogenesis and bone resorption in vitro via binding to its monocytic/preosteoclast receptor CysLT1 [82, 83] . It also stimulates the expression of IL-11, an osteoclastogenic cytokine [84] . The suggested Runx2-driven leukotriene signaling emanating from ST2 cells may be further amplified by the observed 6.3-fold downregulation of Slco2b1 (Table 3) , encoding a solute carrier organic anion transporter that eliminates leukotrienes and other organic anions [85] . The Doxmediated upregulation of Ltc4s and downregulation of a leukotriene-inactivating gene highlight a potential role for LTC4 in mediating Runx2-regulated osteoblast-driven osteoclastogenesis.
Tenascin C a matrix metalloproteinase [86] , binds fibronectin and blocks its interaction with Syndecans. It is expressed in developing bones and increases mineralization in vitro [86] . In a model of fracture healing, in addition to its effect on mineralization, overexpression of Tenascin C also accelerated osteoclast recruitment [86] . Our microarray (Table 3) and RT-qPCR results (Fig. 4c) indicate a dramatic 4-to 6-fold increase in Tenascin C mRNA in response to Runx2, which possibly contributes to the augmented osteoclastogenic activity of the Dox-treated ST2/Rx2 dox cells.
Runx2 downregulates expression of secreted molecules known to inhibit osteoclastogenesis
In addition to upregulating mRNAs encoding proosteoclastic secreted molecules, Runx2 also decreased expression of the mRNAs for proteins with opposite effects. We already mentioned the downregulation of the semaphorins 3A, 6B, and 3F. Additional inhibitory effects of Runx2 with potential importance to the observed increase in osteoclastogenesis are described below.
Osteoprotegerin Induction of Runx2 by Dox resulted in decreased osteoprotegerin (OPG) expression (Table 3 and Fig. 4d ). Functioning as a decoy receptor for RANKL, a pivotal activator of osteoclastogenesis, a decrease in OPG level is expected to facilitate RANKL activity and thus promote osteoclastogenesis [87, 88] . The decrease in OPG expression, without a change in RANKL expression (ESM Fig. S2 ), may contribute to the Runx2-mediated osteoclastogenesis in the splenocytes-ST2/Rx2 dox co-cultures. The regulation of OPG expression by Runx2 is ambiguous. Early in vitro studies showed that the promoter region of OPG is positively regulated by Runx2, and in knockout experiments, loss of Runx2 gene dosage results in decreased expression of OPG [89, 90] . However, here and in a previous in vivo study [9] , OPG transcription was repressed in Runx2-overexpressing osteoblastic cells. Furthermore, OPG, a target for canonical Wnt signaling [91] , may also be indirectly inhibited through the downregulation of the Wnt pathway. That Runx2 inhibits Wnt signaling in ST2 cells is suggested by the stimulation of Apcdd1, a Wnt inhibitor [92] , and the inhibition of Rspo2, both a target and an activator of Wnt signaling [93, 94] (Table 3 ). The importance of the decrease in Rspo2 mRNA is underscored by its critical role for Wnt activation specifically in osteoblasts [94] . Plausibly, the inhibition of Rspo2 and the stimulation of Apcdd1 in Dox-treated ST2/Rx2 dox , through the inhibition of Wnt signaling, contribute to the observed decrease in OPG mRNA and, thus, the increased osteoclastogenesis in the ST2 splenocyte co-cultures (Fig. 4) .
Osteoglycin (IL) (Ogn), also known as Mimecan and osteoinductive factor (OIF), is an extracellular protein member of the SLPRS family of proteoglycans and is associated with osteogenesis [95, 96] . Additionally, Ogn inhibits osteoclastogenesis [96] . The 5-fold downregulation of Ogn expression after 2 days of Dox treatment (Table 3 and Fig. 4d ) may therefore contribute to Runx2-induced osteoclastogenesis.
Interleukin 1 receptor antagonist (Il1rn) Interleukin-1 (IL1) promotes osteoclastogenesis by activating IL1 receptors on both osteoblasts and osteoclasts [97] [98] [99] . Working against IL1, Il1rn has been shown to inhibit OVX-induced osteoclastogenesis [100] . Furthermore, a polymorphism in Il1rn is associated with increased risks for osteoporotic fractures [101] and periprosthetic osteolysis [102] . Thus, the >5-fold decrease in Il1rn mRNA after 48 h of Dox treatment (Table 3 and Fig. 4d ) may also contribute to the observed stimulation of osteoclastogenesis.
Runx2-mediated changes in mRNAs encoding membrane-bound osteoclastogenic proteins Natriuretic peptide receptor 3 (Npr3), known for its role in regulating renal salt excretion and blood pressure, has also been implicated in attenuating osteoclastogenesis and bone turnover [103] . Therefore, the downregulation of Npr3 mRNA expression (Table 3 and Fig. 4e ) potentially contributes to the observed Runx2-mediated osteoclastogenesis in our co-cultures.
C-type lectin domain family 2d (Clec2d), a.k.a. osteoclast inhibitory lectin (OCIL), was one of the genes most strongly downregulated by Runx2 in ST2 cells, and the 5-to 6-fold inhibition suggested by the microarray data (ESM Table S2  and Table 3 ) was confirmed by RT-qPCR (Fig. 4e) . OCIL expressed on the osteoblast membrane strongly inhibits mouse and human osteoclast differentiation [104, 105] , and Ocil knockout mice suffer increased bone resorption [106] . Thus, inhibition of Ocil expression may contribute to the observed Runx2-stimulated osteoclastogenesis.
Ephrin B1 Bidirectional Eph/Ephrin signaling has been recently implicated in osteoblast-osteoclast communication (reviewed by [107] ). Although such communication has been shown primarily for osteoclastic EphrinB4 and osteoblastic EphB2, involvement of other ephrins and eph receptors is plausible. Runx2 expression in ST2 cells resulted in a >2-fold increase in EphrinB1 (Efnb1) mRNA (Table 3 and Fig. 4e ). Given the skeletal effects associated with EphB1 deficiency [108, 109] and the decreased peak bone mass and bone size observed in mice lacking Efnb1 signaling in osteoblasts [110] , it is possible that Runx2-mediated Efnb1 expression contributes to osteoclastogenesis by binding to monocytic EphB receptors [111] .
Potential compensatory effects on osteoclastogenesis
We described above several molecular mechanisms potentially mounting the osteoclastogenic response to Runx2. It should be noted, however, that in ST2 cells, Runx2 also elicited reactions that likely keep the osteoclastogenic response in check.
Chemokines Several mRNAs encoding chemokines with known osteoclastogenic activity were downregulated by ∼4-fold in Dox-treated cells (Table 3) . These included Ccl9 and Cxcl 1, 2, and 12, which are positive regulators of osteoclast differentiation, migration, and bone resorption [112] [113] [114] [115] [116] [117] .
Notch signaling Our data also suggest that Runx2 stimulated the anti-osteoclastogenic Notch signaling pathway [118, 119] . Evidence for this is the significant upregulation of the notch target cdk5r1 and the slight increase in Hey1 [120, 121] (Table 3 and Fig. 4f) . Interestingly, the primary messenger of the Notch pathway, the Notch intracellular domain (NICD), inhibits Runx2 [119] , and so do the NICD targets Hey1 and Hes1 [122] . In fact, the reported antiosteoclastogenic and thus bone-sparing property of the Notch pathway [118, 119] may be mediated in part by limiting the activity of Runx2, as do sex steroids [10] . In this sense, our results suggest that Runx2, while promoting the expression of osteoclastogenic genes, also elicits a simple negative feedback loop by activating Notch signaling. Such a feedback loop would subject Runx2 activity and Runx2-mediated osteoclastogenesis to a self-limiting mechanism (Fig. 5 ).
Runx2-mediated stimulation of other membrane and membrane trafficking-related genes The Runx2-regulated genes and pathways described so far have been previously implicated in osteoblast growth and differentiation or in osteoclastogenesis. Many of them encode secreted and membrane-associated proteins. Additional mRNAs for membrane-associated proteins, without an established function in bone, were among the top Runx2-regulated genes, and future work is needed to investigate their potential function in bone formation and/ or resorption. For example, the strongest response to Runx2 in the microarray dataset was a 20-fold and a 27-fold stimulation of Tmem114 on days 1 and 2, respectively (ESM Table S2 ). TMEM114 is a small integral membrane glycoprotein with similarity to eye lens-specific membrane protein 20, epithelial membrane protein 1 (EMP-1), EMP-2, EMP-3, peripheral myelin protein 22 (PMP22), as well as claudin proteins (http://www. genecards.org/cgi-bin/carddisp.pl?gene=TMEM114). Following Tmem114 on the list of Runx2-responsive genes were six genes not directly related to membrane trafficking (bglap, Hey1, Ltc4s, Tnc, polr3k, and Akp2), but the next two genes, each responding to Runx2 with a 5-fold increased expression on day 2, were related to membrane trafficking: lysosomal-associated protein transmembrane 5 (Laptm5) and receptor-associated protein of the synapse (Rapsn; ESM Table S2 ).
Other Runx2-responsive genes related to membrane trafficking include sortilin-related VPS10 domain containing receptor 2 (Sorcs2, 3-fold), the Ca2+ transporting ATPase Atp2a3 (3-fold), and synaptosomal-associated protein 47 (Snap47; 3-fold; ESM Table S2 ). Runx2 also inhibited Caveolin (Cav1 , Table 3 ), whose depletion has been associated with increased exocytosis [123] . That multiple membrane trafficking-related genes are regulated by Runx2 is the basis for current experiments designed to test whether Runx2 controls the movement of osteoclastogenic factors to the plasma membrane for presentation or secretion. These include the canonical osteoclastogenic factors M-CSF and RANKL, as well as non-canonical Runx2-regulated factors such as Sema7A, Ltc4s, and Tenascin C.
In summary, we engineered and profiled gene expression in ST2/Rx2 dox cells after induction of Runx2 by Dox. The microarray results, confirmed by RT-qPCR analysis of selected genes, suggest myriad molecular mechanisms underlying Runx2-driven phenotypes of these mesenchymal pluripotent cells, including differentiation toward osteoblasts, modest inhibition of cell proliferation, and, most interestingly, development of a strong capacity to induce osteoclastogenesis in a paracrine manner (Fig. 5) . Because sex steroids inhibit Runx2 activity [24, 25] , they likely attenuate bone turnover in part by counteracting some of the Runx2-mediated osteoclastogenic mechanisms suggested by the microarray data. The assignment of both osteoblast differentiation [1, 2] and osteoblast-driven osteoclastogenesis [7] [8] [9] Runx2 Osteoclastogenesis --+ Fig. 5 Genes involved in Runx2-mediatd osteoblast-driven osteoclastogenesis. The model shows Runx2-stimulated pro-osteoclastogenic genes on the left and Runx2-inhibited anti-osteoclastogenic genes on the right. A hypothetical Runx2-driven self-limiting negative feedback loop is described at the top based on the microarray data and the reported inhibitory effects of the Notch pathway on Runx2 and on osteoclast differentiation stromal cell clone, ST2: B cell progenitor develops first in the embryonal body rather than in the yolk sac. EMBO 
